Objectives: This study aimed to develop a genotypic method to predict HIV-1 coreceptor usage by employing the nucleotide sequence of the env gene in a tree-augmented naive Bayes (TAN) classifier, and to evaluate its accuracy in prediction compared with other available tools.
Introduction
HIV-1 infects CD4-expressing cells by means of a primary contact between the envelope glycoprotein gp120 and the cellular receptor CD4 and one or both of the chemokine receptors CCR5 and CXCR4. 1 The approval in 2007 of the entry inhibitor CCR5 antagonist maraviroc as an antiretroviral drug for the treatment of HIV-1 infection has increased interest in determining HIV-1 coreceptor tropism. Maraviroc is a negative allosteric modulator of the CCR5 coreceptor that blocks gp120 -CCR5 interactions and can be used to prevent HIV-1 infection. 2, 3 However, prescription of this drug is only indicated in patients harbouring exclusively CCR5-tropic viruses, since its use in patients with dual/mixedtropic viruses can cause a rapid increase in CXCR4-using variants, associated with CD4+ T cell decline and progression to AIDS, as a consequence of drug-selective pressures. 4, 5 Two types of method are commonly used to determine HIV-1 coreceptor tropism. Phenotypic assays generally achieve optimal levels of accuracy and reproducibility, but they are currently performed only in specialized laboratories employing an expensive and time-consuming procedure, which makes their introduction as a routine assay in clinical practice difficult. 6 -8 In contrast, the use of genotypic methods, based on the correlation between genetic information and coreceptor usage, is increasing, due to a large extent to the rapid results obtained through online userfriendly applications with reported accuracy levels comparable to those of phenotypic methods. 9 The most commonly used tools are WebPSSM (WP) 10 both using the sequence of the hypervariable V3 loop of gp120 protein to make predictions of coreceptor tropism, employing position-specific scoring matrices and support vector machines, respectively. However, the accuracy of these methods may vary according to the genetic form analysed as a consequence of the overrepresentation of subtype B sequences in the datasets employed to train both methods. 12 -17 As a response to their suboptimal results when analysing non-subtype B viruses, some authors have developed specific tools to predict the coreceptor tropism of other genetic forms, such as subtypes C and D. 18, 19 Despite the main role of the V3 loop in the primary contact between HIV-1 and the host cell coreceptor, several studies have suggested other regions in gp120 and gp41 as being implicated in this process. 20 -24 Accordingly, it is plausible to expect an improvement in the determination of coreceptor tropism if this genetic information is incorporated into the prediction algorithms. The main objective of this study was to develop a Bayesian network classifier trained to predict HIV-1 coreceptor tropism, employing nucleotide positions selected from the full-length env gene by a data-mining strategy according to their predictor values (PVs). Full-length envelope sequences from all HIV-1 genetic forms with information on coreceptor usage currently available at the Los Alamos HIV Sequence Database were used in order to maximize the inclusion of non-subtype B sequences in the machine learning procedure. Thus, the use of the entire sequence of the env gene ensures the presence of all the viral genetic determinants that can participate in the first steps of HIV entry. The accuracy of the method was measured in silico by leave-one-out cross-validation process and in vitro through the comparison of predictions for 89 HIV-1 primary isolates or pseudoviruses incorporating cloned envelopes (including 67.4% with non-subtype B sequences), with their phenotypic coreceptor usage being determined by infecting GHOST cells stably expressing HIV-1 coreceptors. Finally, using the phenotypic method as a gold standard, results for accuracy were computed for the Bayesian network classifier, comparing its performance with those obtained from WP and G2P.
Methods

Datasets and sequence alignment
All available HIV-1 full-length env gene sequences with information on coreceptor usage (n¼1719) were retrieved from the Los Alamos HIV Sequence Database (Table 1) . Sequences were classified based on a Boolean code with two possible values, R5 for viruses with exclusive CCR5 tropism, or X4 for viruses with CXCR4 or dual/mixed tropism. A multiple sequence alignment was carried out with a progressive algorithm implemented in MAFFT. 25 
Phylogenetic correction
The alignment described above cannot be treated as a random distribution of genotypes since any relation between sequences (i.e. sequences collected from the same patient or sequences of viruses transmitted among different individuals) would distort the analysis. In order to avoid this problem, the phylogeny of all sequences was inferred by a maximum likelihood method with the general time-reversible evolutionary model with CAT approximation for rate heterogeneity across sites using RAxML, via the CIPRES Portal. 26, 27 Clusters supported by bootstrap values ≥90% were further analysed and a phylogenetic correction dependent on the local region of the tree was applied. 28 Following this strategy, only the sequence with the shortest branch length for each cluster was manually selected and included in a second dataset used to identify nucleotide positions correlated with coreceptor tropism. All sequences branching outside phylogenetic clusters were also included in the second dataset. In those rare instances in which different phenotypes were detected among sequences included in the same phylogenetic cluster, one representative sequence of each coreceptor usage was selected. A new alignment was generated utilizing all 429 sequences selected after the phylogenetic filter and converted into an .arff file compatible with Weka v.3.6.6. software, through a Perl script on a Unix platform. 29, 30 Feature selection An alignment consisting of 429 sequences of 3648 nucleotide positions was used (Table 1 ) in a 10-fold cross-validation wrapper approach to select the best positions to predict coreceptor usage of HIV-1 using the env gene sequence. 31 This data-mining strategy was designed in order to interleave a tree-augmented naive Bayes (TAN) classifier with the feature selection algorithm. To reduce the risk of overfitting, the 10-fold cross-validation schema was repeated 10 times and each replicate was associated with a different value of the seed responsible for the random partitioning of the dataset. The PV of every single nucleotide position of the env gene was computed for the 10 iterations, employing the mean value as the final PV (Figure 1 ). Selected positions were identified according to the HXB2 reference genome. The amino acids encoded by Díez-Fuertes et al.
the selected nucleotide positions were determined, and Fisher's exact test was applied to identify statistically significant differences in amino acid frequencies between R5 and X4 viruses of subtype B, subtype C and non-B non-C (NBNC) genetic forms. The physical location of those amino acids was determined according to the previously published structure of gp120. 32 Finally, the feature selection process was repeated employing separately the subsets of the env gene sequences from subtype B (n¼177) and subtype C (n ¼101) in order to investigate the differences in the genetic patterns identified by the algorithm as predictor variables of coreceptor tropism between the two subtypes.
Supervised machine learning approach
HIV-1 env gene sequences were classified as either R5 or X4 based on exclusive CCR5 or CXCR4/dual coreceptor usage, respectively. The specific nucleotide positions selected through the above-described wrapper approach were employed in a classification process in which a TAN algorithm was utilized (Figure 1) . 33 A TAN algorithm is considered as an extension of the naive Bayes classifier, 34 which applies the Bayes theorem to predict for each unseen instance, x, the class c [ C for which it has a higher a posteriori probability. This a posteriori probability is computed as
where p(x i |c) represents the conditional probability of X i ¼x i , given that C¼c when all variables have discrete values.
The TAN is a network Bayesian classifier that allows dependencies between variables. 33 The main restriction on the dependencies that this Bayesian classifier can take into account is that each predictor variable can have a maximum of two parents: the class variable C and one of the other predictor variables x 1 , . . . ,x n .
The performance of the method was measured by calculating values of accuracy (the proportion of sequences correctly classified), specificity (the proportion of R5 viruses correctly classified), sensitivity (the proportion of X4 viruses correctly classified) and the area under the receiving operating characteristic curve (AUC), which was used to compare the overall ability of the method to discriminate between R5 and X4 viruses. As the strength of the method is dependent on the number of variables used to predict the coreceptor tropism, curves of accuracy, sensitivity, specificity and AUC were obtained increasing the number of the env gene positions according to their PV. Thus, nucleotide positions with higher PV were incorporated into the Bayesian network as long as the accuracy values were increased.
Determination of Bayesian network structure
The tree structure of the TAN classifier was built according to the mutual information of each selected nucleotide positions and the class variable (coreceptor tropism) as well as the conditional mutual information of each pair of selected positions given the class and calculated as
The algorithm applies this score to connect pairs of variables and to build the tree structure of the TAN classifier. The nucleotide positions selected to predict HIV coreceptor tropism form nodes that are connected by edges when the highest conditional mutual information MI(X i ,X j |C) is found. Then the class variable is added to the tree by its connection with each of the predictor variables.
Genotypic determination of coreceptor tropism
The classification is carried out by applying Bayes rules to compute the probability of a class C given the particular instance of attributes x 1 , . . . ,x n and then predicting the class with the highest probability. Once the structure has been learnt and the Bayesian network trained, a new HIV-1 env gene sequence can be easily classified as R5 or X4. Depending on the classifier employed, naive Bayes or TAN (Figure 2 ), a new instance (env gene sequence) X¼(x 1 , x 2 , x 3 , x 4 , x 5 ) would be assigned to the class:
where pc represents the predicted class, c represents the class variable (R5 or X4), x i represents the nucleotide position selected as the predictor variable and p(x i |c) represents the conditional probability of X i ¼x i given that C¼c when all variables have discrete values.
The TAN classifier was used to carry out the coreceptor tropism prediction for all the full-length env gene sequences with information on coreceptor tropism currently available at the Los Alamos HIV Sequence Database (n¼1719), after applying a phylogenetic correction to discard epidemiologically related sequences (n ¼429) . The accuracy estimations of the TAN classifier were compared with the predictions obtained by G2P and WP, through their online servers and employing their predicted V3 loop sequences. 35, 36 In the case of the G2P tool, two different falsepositive rates (FPRs; the percentage of R5 viruses misclassified by the program as X4) of 2.5% and 10% were used, following the optimized cut-offs based on the analysis of clinical data from MOTIVATE and the recommendations from the European Consensus Group on clinical management of HIV-1 tropism testing, respectively. 9, 37 For the WP tool, the subtype B x4r5 matrix was used to determine the coreceptor usage of all the primary isolates and pseudoviruses employed in this study except for the subtype C viruses, for which the specific subtype C-syncytium-inducing/non-syncytium-inducing (si/nsi) matrix was utilized. The dataset composed of 429 sequences was divided into subtype B (n ¼177) and non-subtype B (n¼252) sequences to compare the levels of accuracy achieved in both cases.
In vitro validation of the method
Forty-four previously obtained HIV-1 primary isolates, 38, 39 22 recently produced HIV-1 functional envelope clones 40 and 23 other HIV-1 primary isolates newly obtained in our laboratory were included in the study (89 in total). Blood samples were collected from individuals who were attending Spanish hospitals. Culture of primary isolates, full-length genome amplification of cultured viruses, envelope amplification from plasma RNA, cloning and functional testing of cloned envelopes, sequencing, phylogenetic analyses, and phenotypic determination of coreceptor usage of viral isolates or pseudoviruses expressing cloned envelopes in GHOST cells were carried out as described in previous studies. 17,38 -40 For comparison with the phenotypic method used as standard, the coreceptor usage of these isolates was predicted by the TAN classifier described in this article as well as by the G2P and WP tools through their online servers.
35, 36 Fisher's exact test was applied to identify statistically significant differences in the accuracy, sensitivity and specificity obtained for each method tested. Figure 2 . Examples of the structure of naive Bayes and TAN classifiers. The example shows the structure of these classifiers for a concrete problem with five predictor variables and the class predicted (pc) for an instance x¼(x 1 , x 2 , x 3 , x 4 , x 5 ).
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Results
HIV-1 sequences and phylogenetic correction
A total of 1719 HIV-1 full-length env gene sequences from viruses with known coreceptor usage were employed for the study, corresponding to 78.4% CCR5-tropic and 21.6% CXCR4/ dual-tropic viruses. The distribution of genetic forms is shown in Table 1 . The proportions of subtype B and non-subtype B viruses were 58.7% and 41.3%, respectively. These sequences were collected from 491 subjects.
The phylogenetic tree of all the sequences used in this study was inferred and, after phylogenetic correction, 429 sequences were selected, which resulted in a decrease in the proportion of subtype B viruses to 41.3% and an increase in non-B viruses to 58.7%, while the proportions of R5 and X4 viruses stayed similar (79.7% and 20.3%, respectively). This type of correction allows the detection of sequences collected from the same subject or from epidemiologically linked subjects, avoiding population bias in the study. The selected sequences were collected from 420 individuals, nine of whom had two representative sequences with different coreceptor tropism.
Identification of predictor variables
After 10 iterations of 10-fold cross-validation, 458 of the 3648 nucleotide positions of the alignment reached a PV above 1% and only 25 obtained a PV ≥10% (Table 2 ). The accuracy of the method can fluctuate by means of the addition or elimination of more nucleotide positions according to their PV as variables to predict coreceptor tropism. According to the results shown in Table 2 , the best results with the lowest number of predictor variables were obtained by employing 17 nucleotide positions with PV ≥13%, increasing the values for accuracy, sensitivity and specificity. However, we found that the addition of some positions with a lower PV was especially important to increase the sensitivity values of the TAN classifier. This was the case for nine nucleotide positions, 6389, 6483, 6506, 6513, 7135, 7200, 7551, 7861 and 8135 (numbered as in the HXB2 proviral genome). By incorporating these nine predictor variables into the initial Bayesian network of 17 nucleotide positions with a PV ≥13%, all performance measures were increased, reaching 95.6% accuracy, 99.4% specificity, 80.5% sensitivity and an AUC of 0.915. Among those 26 positions (Figure 3 ), 16 lie within the gp120 coding sequence, with six positions located in the V3 loop, four in the 5 ′ region of the gene, two within the signal peptide of the protein, one each in the V2 and V5 loops, and two in conserved regions of the gene between the V2/V3 and V4/V5 loops. The other 10 positions are located within the gp41 coding sequence. Positions 7140 and 7142 were selected by our method with a PV of 98.9+3.3% (mean+SD) and 100%, respectively. They correspond to the first and third nucleotide positions of the codon encoding the amino acid at position 11 of the V3 loop (Table 3) .
Similarly, the identification of the best predictor positions was repeated in separate analyses for subtypes B and C using the 177 and 101 env gene sequences, respectively, of these subtypes. In the case of subtype B, 30 nucleotide positions with PVs between 3% and 100% were selected, reaching 96.6% accuracy, 99.3% specificity, 84.4% sensitivity and 0.911 AUC (Table 4) . For subtype C, 24 nucleotide positions with PVs ranging from 1% to 63% were included in the Bayesian network, achieving 98% accuracy, 100% specificity, 86.7% sensitivity and 0.997 AUC (Table 5) . Only one nucleotide, at position 7142, corresponding to the third position of the codon encoding the amino acid at position 11 of the V3 loop, was selected for both subtypes. No statistically significant differences were found in comparing the accuracies obtained by the TAN classifier when analysing sequences of subtypes B and C, employing either the nucleotide positions selected for the entire dataset or those specifically obtained for subtypes B or C.
Biological significance of selected positions
Once the specific positions of the selected nucleotides had been identified, their biological significance was examined by identifying the amino acids encoded by the corresponding codons and analysing their correlation with the R5 and X4 phenotypes (Table 3) . Among these amino acids, statistically significant differences in frequencies were found between R5 and X4 viruses, which were in some cases consistent when subtype B, subtype C or NBNC viruses were analysed separately. Statistically significant differences between the frequencies of gp120 amino acids were mainly found in positions located within the V3 loop. This is the case for position 11 of the V3 loop (306 gp120 ), where a higher proportion of serines was found in R5 viruses (84.5% versus 31%) but a higher proportion of arginines in X4 viruses (0.6% versus 42.5%). Moreover, these statistically significant differences were also observed for subtype B, subtype C and NBNC viruses analysed separately (P,0.0001). Predicting HIV-1 coreceptor tropism from the env gene 1475 JAC Important differences were also found in the frequencies of other amino acids of the V3 loop. This is the case for 304 gp120 , where arginines were more frequently found among R5 viruses (96.2% versus 79.3%) of subtype B (P,0.05), subtype C (P,0.005) and NBNC (P,0.005). For 305 gp120 , lysines were found more frequently among R5 viruses (69.9% versus 52.9%), although these differences were only statistically significant in the case of NBNC viruses (P,0.005). For the same position, the proportion of arginines was higher in X4 viruses (24.1% versus 12.6%), and statistically significant differences were found only for NBNC viruses. Finally, a higher proportion of isoleucines was found in R5 viruses at position 326 gp120 (98.5% versus 93.1%, P,0.05), but these differences were not statistically significant for any of the genetic forms analysed separately (Figure 4) . Outside the V3 loop, statistically significant differences were also found for the 177 gp120 residue, for which a higher proportion of histidines was found among X4 viruses (0% versus 4.6%, P,0.005), although these differences were only statistically significant in the case of subtype C viruses (P,0.005).
Regarding positions located within the gp41 protein, a statistically significant difference was found at amino acid position 23, where a higher proportion of serines was found in R5 viruses (99.1% versus 94.3%, P,0.05), although this difference could not be extrapolated to subtype B, subtype C or NBNC viruses analysed separately. In the case of 69 gp41 , valine was more frequently found among R5 viruses (91.2% versus 79.3%, P,0.005), but the difference was not statistically significant for any of the genetic forms analysed separately. In 94 gp41 , a higher proportion of isoleucines was found in R5 viruses (100% versus 96.6%, P, 0.01), with the difference being statistically significant among NBNC viruses (P,0.05). In 213 gp41 , a higher proportion of leucines was found in X4 viruses (0% versus 3.4%), although these differences were only statistically significant in the case of NBNC viruses (P,0.05). Finally, at 314 gp41, the amino acid more frequently found in viruses of subtypes B and C was glycine (99.4% and 98%, respectively), whereas in NBNC viruses tryptophan (57%) was more frequent than glycine (41%), with the tryptophan frequency being significantly different between R5 and X4 viruses (62.1% versus 42.5%, P,0.05) (Figure 4 ).
Structural correlations of selected positions
The amino acids encoded by codons corresponding to the selected nucleotide positions (Table 3) were located in the structure of gp120 [PDB:2B4C] ( Figure 5 ). The specific localization of several of those amino acids revealed interesting findings. Amino acids 97 gp120 and 94 gp120 are located close to the Asp88 of the CD4 receptor (at distances of 4.9Å and 10.8Å , respectively), which has been previously reported to be a key residue in the fusion process between HIV-1 and CD4-expressing cells. 6232  6237  6389  6483  6506  6513  6753  6900  7135  7138  7140  7142  7171  7200  7551  7631  7802  7824  7861  7962  8031  8135  8166  8395  8518 Díez-Fuertes et al.
Another amino acid corresponding to a selected nucleotide with a possible interaction with CD4 receptor was 469 gp120 , located 4.1Å from Pro48 of CD4, which has also been reported to be an important amino acid in the contact with gp120. 42 -44 In the case of 443 gp120 , the structural analysis revealed that this position is close to the V3 loop (with distances under 4Å ), specifically to gp120 amino acids 296 and 298.
Phenotypic determination of coreceptor tropism
A total of 89 HIV-1 primary isolates or functional envelope clones were included in this study, 29 (32.6%) of subtype B, 21 (23.6%) of subtype G, 11 (12.4%) of subtype F, 5 (5.6%) of subtype C, 4 (4.5%) each of circulating recombinant forms (CRFs) 02_AG and 14_BG, 3 (3.4%) each of subtype A and CRF12_BF, and 9 (10.1%) of other genetic forms. 38 -40 The coreceptor usage in GHOST cells is indicated in Supplementary file 1 (available as Supplementary data at JAC Online). Seventy-six (85.4%) isolates were CCR5-tropic and 13 (14.6%) were CXCR4-or dual-tropic. Among isolates using CXCR4, representatives of subtypes A, B, D, F and G as well as CRF14_BG were found.
Predicting phenotype from genetic sequence data: in silico and in vitro validations
The Bayesian network structure computed to the TAN classifier is represented in Figure 6 . Based on that structure, the class variable of a new instance, or in other words the prediction of the coreceptor tropism of an HIV-1 isolate, can be calculated by employing the 26 selected nucleotide positions ( Figure 6) The a posteriori probability of each possible value of the class variable (R5 or X4) was computed to select the prediction as the value that has a higher probability. A user-friendly spreadsheet (see Supplementary file 2, available as Supplementary data at JAC Online) was developed to obtain these scores directly by adding the nucleotides found at each specific position Using the GHOST cell assay as reference, a correct prediction of CCR5 tropism was achieved in the 76 HIV-1 primary isolates or envelope clones included, whereas 11 of 13 X4 viruses were identified by this method. In the case of the X4 viruses, two HIV-1 isolates were incorrectly classified. This is the case for X2898, identified as a subsubtype F1 HIV-1 isolate, which obtained a posteriori probabilities of 2.6×10 23 and 2.3×10
24
for being classified as R5 and X4, respectively; and X0772-8, identified as a CRF14_BG virus. For this sequence, two nucleotide degeneracies were found at positions 7200 and 7631, where a purine was found. Although all the possibilities predict CCR5 tropism, the differences between a posteriori probabilities were different for each scenario. Thus, the smallest difference was found when guanine and adenine were at positions 7200 and 7631, respectively (1.9×10 28 versus 1.1×10
28
), whereas the largest difference was found if two guanine residues were incorporated (2×10 29 versus 8.6×10 210 ). Based on this in vitro validation of the method, an accuracy of 97.8%, a specificity of 100% and a sensitivity of 84.6% were achieved by the TAN classifier (see Supplementary file 4, available as Supplementary data at JAC Online).
Comparison with other genotypic methods
G2P and WP tools were used to make predictions of coreceptor usage of the 429 full-length env gene sequences included in the study by using their predicted V3 loop sequences ( Figure 7 ). Comparative analyses revealed that the TAN classifier obtained more accurate predictions than WP (P ¼ 0.003), G2P with FPR¼ 10% (P ¼0.0001) and G2P with FPR ¼ 2.5% (P ¼ 0.046), as well as an improvement in the specificity achieved compared with WP (P¼0.0001) and G2P (FPR¼10%; P¼0.0001). For subtype B sequences, the TAN classifier obtained an accuracy of 95.5%, correctly classifying 169 of 177 sequences. WP correctly classified 166 (93.8%) and G2P 162 (91.5%) or 146 (82.5%) sequences, employing FPRs of 2.5% or 10%, respectively (Supplementary file 3) . Although the TAN classifier obtained Díez-Fuertes et al.
better results in terms of accuracy, specificity and sensitivity than the other genotypic tools, statistically significant differences were found only in comparison with the accuracy and specificity of G2P (FPR ¼ 10%; P ¼ 0.0001). With regard to the analysis of non-subtype B sequences, the TAN classifier achieved a correct prediction in 241 of 252 sequences (95.6%), whereas G2P classified correctly 233 (92.5%) or 226 (89.7%) employing FPRs of 2.5% or 10%, respectively, and WP obtained an accuracy of 87.7% through the correct prediction of 221 sequences (Supplementary file 3); statistically significant differences were found between the accuracy of the TAN classifier and those of WP (P ¼ 0.0019) and G2P (FPR¼10%; P¼0.0158), reflecting the increased specificity of the first method compared with the other two (P¼0.0036 and P¼0.0001, respectively). G2P and WP were also employed to predict the coreceptor tropism of the 89 HIV-1 primary isolates or envelope clones analysed in this study through their predicted V3 loop sequences. Comparative results from both methods and the TAN classifier are shown in Figure 7 . Analysing the overall performance of the methods in terms of the values for accuracy, the TAN classifier achieved the best result, correctly classifying 87 of 89 (97.8%) sequences, whereas WP obtained a score of 96.6% and G2P reached 95.5% or 89.9%, depending on the FPR employed (2.5% or 10%, respectively). All the R5 viruses were correctly classified by the TAN algorithm and by WP using subtype B-x4r5 and subtype C-si/nsi matrices. In the case of the X4 viruses, all the methods failed in the prediction of the isolate X2898 (Supplementary file 1). The isolate X0772-8 was also incorrectly classified by all the methods used, except G2P employing an FPR of 10% (Supplementary file 1) . The predictions of the TAN classifier and WP differed only for isolate P1655, since the TAN algorithm classified this sequence as X4 (coinciding with the results of the phenotypic assay) and WP as R5 (Supplementary file 1) . The only statistically significant difference found in this dataset came from comparing the levels of specificity reached by the TAN classifier and G2P (FPR¼ 10%; P ¼ 0.0135) (Figure 7) .
Discussion
This paper constitutes the first report of the use of a supervised Bayesian classification approach to predict HIV coreceptor tropism employing specific nucleotide positions selected from the fulllength env sequence by a data-mining procedure. Several authors have indicated that the algorithms currently used by genotypic methods are still insufficiently optimized for their use in prescribing CCR5 antagonists to HIV-infected patients 45 and have proved their limited efficacy for analysing non-subtype B genetic forms. 13, 14, 17 Despite the fact that subtype B represents only an estimated 11% of global HIV-1 infections, 46 its proportions in databases are the greatest as a consequence of the higher prevalence of subtype B in developed countries. 47 Accordingly, the development of versatile tools for determining HIV coreceptor tropism regardless of the genetic form analysed is currently essential, even for developed countries, where the overall scenario is changing rapidly and the prevalence of non-subtype B viruses is increasing.
Concerning the amino acids in gp120 encoded by the selected nucleotide positions described here, statistically significant differences were mainly found for amino acids within the V3 loop, 3  5  55  87  94  97  177  226  304  305  306  316  326  443  469  15  23  35  69  94  126  137  213  254  314   3  5  55  87  94  97  177  226  304  305  306  316  326  443  469  15  23  35  69  94  126  137  213  254 Predicting HIV-1 coreceptor tropism from the env gene 1479 JAC reported to be the most important region of the envelope for predicting tropism by using genotypic methods. 10, 11 Differences were also found in 177 gp120 (located in the V2 loop), for which a statistically significant difference in the frequency of tyrosine residues between R5 and X4 viral populations has previously been reported. 48 Additionally, other authors have implicated 177 gp120 in viral phenotype or have reported an improvement in genotypic predictions of coreceptor tropism when including all the V2 loop amino acids. 21, 48 Despite the fact that statistically significant differences were not found for other amino acids in gp120, some other nucleotide positions discriminating between R5 and X4 viruses were selected.
On the other hand, structural information also revealed some important points regarding the selected positions. Amino acids at positions 94, 97 and 469 of gp120 could have relevant roles in the interaction between gp120 and CD4, due to the reported proximity of the first two amino acids to Asp88 CD4 and of the third one to Pro48 CD4 . This idea is supported by the major role that amino acids Asp88 CD4 and Pro48 CD4 both seem to have in the gp120 -CD4 interaction. Experiments involving mutagenesis in Asp88 CD4 and the CDR3-like loop region where this amino acid is located have shown its limited involvement in the gp120 -CD4 binding process, but its important role in HIV infection of CD4 + cells and fusion between HIV-infected and uninfected cells. 41 In the case of Pro48 CD4 , it has been suggested that the presence of this amino acid in human CD4 (which is absent in the CD4 molecules of New World monkeys) produces a b-turn that results in the antiparallel orientation of the C 
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and D strands of the protein, each of which makes major contacts with HIV-1 gp120. 42 -44 It would be interesting to determine experimentally whether these viral amino acids have any role in modifying the conformation of the human CD4 receptor at the above-mentioned positions, and to verify whether they have a biological relevance in the primary contact between the virus and the CD4-expressing cell. The structural analysis has also revealed the proximity of 443 gp120 to two amino acids of the V3 loop, 296 gp120 and 298 gp120 . To our knowledge, there are no experimental data supporting a role for this amino acid in affecting the structure or functionality of the V3 loop, although it has been suggested that other amino acids of the C4 domain of gp120, at positions 424 and 440, are implicated in phenotypeassociated changes in the V3 loop. 22 Regarding the amino acids in gp41 encoded by the selected nucleotide positions, 10 were identified, with statistically significant differences in frequency between R5 and X4 viruses being found for 23 gp41 , 69 gp41 , 94 gp41, and 213 gp41 . Recently, several mutations in gp41 have been correlated with coreceptor tropism, of which S23A and I69I have been identified as highly specific for CXCR4-using viruses. 23 In the same study, the authors were unable to demonstrate improvements in prediction methods by including the sequence of gp41, but, as remarked in their discussion, the study was focused on subtype B viruses and the influence of gp41 mutations on coreceptor usage in other genetic forms remains to be analysed. Other authors have confirmed the association between several specific amino acid changes in gp41 and the coreceptor usage of subtype B viruses. 22, 24 In the present study, the selected nucleotide positions 7962 and 8031 are included in the 234 nucleotide Rev-responsive element located in the env intron region of the HIV-1 mRNAs recognized by a basic arginine-rich domain of Rev protein to regulate the nucleocytoplasmic transport of viral mRNAs. 49 -51 The potential biological relevance of other amino acids encoded by the selected nucleotides (126 gp41 and 137 gp41 ) relates to their location in the region on which the antiretroviral fusion inhibitor drug enfuvirtide is based. This 36 amino acid, synthetically produced peptide derives from a sequence within the second heptad repeat domain of gp41. 52 Another amino acid encoded by a selected nucleotide is 35 gp41 , located in the leucine/isoleucine zipper sequence, which binds to the viral membrane, causing its approximation to the cell membrane. 53 The feature selection process was repeated separately in the subset of env sequences of the genetic forms with the greatest representation in the dataset employed (subtype B, 41.3%; Predicting HIV-1 coreceptor tropism from the env gene 1481 JAC subtype C, 23.5%) in order to identify differences in the genetic patterns underlying different coreceptor usage for these subtypes. The comparative analysis revealed that only position 7142 (the third position of the codon corresponding to the amino acid at position 11 of the V3 loop) was coincident between the two subtypes. Although the genetic patterns of subtypes B and C seem to be clearly different, the selected nucleotide positions with greater PVs were mainly mapped to the V2 and V3 loops in both subtypes. However, the analysis revealed the existence of other nucleotide positions important for predicting coreceptor tropism specific to subtypes B or C, according to the PV obtained. Of these, those which mapped to regions of the env gene other than V2 and V3 loops were 6479 and 6900 (encoding amino acids 85 gp120 and 226 gp120 , respectively) for subtype B and 6812 (encoding amino acid 196 gp120 ) for subtype C. Several authors have also studied the specific implication of mutations in amino acids of the V3 loop in subtype B sequences. (Table 4 ). In accordance with these results, different authors have found mutations significantly associated with coreceptor usage in all of these positions identified in the present work. 54, 55 One of the main objectives of this study was to increase the representation of non-subtype B viruses to train the machine learning algorithm in order to minimize discordances between the predictions obtained for different genetic forms. The in silico validation of the TAN classifier seems to confirm that the inclusion of a balanced proportion of subtype B and nonsubtype B sequences in the algorithm improves the overall accuracy levels achieved. The improvement in accuracy of the TAN classifier compared with G2P and WP was confirmed by In silico validation (n = 429) In vitro validation (n = 89) Figure 7 . In silico and in vitro validations of the method showing comparative predictions of HIV-1 coreceptor usage analysing all the full-length env gene sequences with information on coreceptor tropism currently available at the Los Alamos HIV Sequence Database (n¼1719) and after applying a phylogenetic correction (n¼429) and a dataset of 89 primary isolates or pseudoviruses recently obtained, respectively. In the case of the in silico validation, the dataset was analysed separately for subtype B (n¼177) and non-subtype B sequences (n ¼252). Three methods were compared: the network Bayesian classifier developed in this study (TAN classifier), WP and G2P, employing FPRs of 2.5% and 10%. *P, 0.05. **P,0.005.
employing a second dataset of 89 primary isolates or pseudoviruses recently obtained in the laboratory, which included 67% with non-subtype B env sequences. In the case of WP, 88 of 89 predictions coincided with those obtained using the TAN algorithm. For the sequence with discordant predictions between WP and TAN, the phenotypic assay determined an R5/X4 dual tropism, as predicted by TAN. Two other sequences, X0772-8 and X2898, were incorrectly classified by both methods as R5.
The phenotypic assay revealed a clear R5X4 phenotype for the X0772-8 isolate, but in the case of X2898 a weak positive signal for CXCR4 usage was obtained. Accordingly, it is possible that a mixed viral population was present in the X2898 plasma sample in which a CXCR4-tropic minority variant remained undetectable by bulk sequencing of RT-PCR products. 56 This result confirms the importance of analysing plasma samples of HIV-infected individuals by single-genome amplification or nextgeneration sequencing to detect minority variants, which could rapidly evolve under selective pressures (such as the use of CCR5 antagonists) in a mixed viral population. 57 Another explanation for the failure in predicting coreceptor usage by these two primary isolates could be the null or poor representation of their respective genetic forms to train the Bayesian network.
The identification of CXCR4-or dual-tropic viruses is the main goal of genotypic methods for HIV-1 coreceptor prediction and has currently become a challenging task that needs to be overcome prior to the establishment of this type of method in clinical practice. G2P is probably the most utilized genotypic tool in clinical environments as its user-friendly interface allows the introduction of some additional parameters such as viral load or CD4 + /CD8 + -cell counts to improve the coreceptor usage predictions, as well as the use of different FPRs representing the percentage of R5 samples misclassified by the program as X4. The predictions achieved by G2P analysing the 429 full-length env sequences included in this study have shown different degrees of accuracy depending on the FPR employed, obtaining results in accordance with a previously published study in which the genotypic tropism predictions for 102 HIV-1 primary isolates were compared with their phenotypic determination. 17 In the best scenario, which was achieved using an FPR of 2.5%, the algorithm was able to correctly classify 92.1% of sequences. However, when employing an FPR of 10% following the recommendations of the European Consensus Group on clinical management of HIV-1 tropism testing, 37 the accuracy of G2P decreased to 86.7%, although the sensitivity (81.6%) was the highest of all the methods employed. These results were confirmed in the predictions for the 89 primary isolates or pseudoviruses employed in this study, since G2P with an FPR of 10% and the TAN classifier obtained the best scores for sensitivity (84.6% in both cases), but with important differences in the specificity reached (100% for the TAN classifier and 90.8% for G2P).
Recently, ultradeep 454-pyrosequencing studies have shown that only CXCR4-using HIV populations as predicted by G2P with a low FPR (,5%) were selected by maraviroc in patients with dual/mixed viruses who started CCR5 antagonist drug therapy. 58 Furthermore, some V3 mutations have been statistically associated with X4 variants identified when using an extremely low FPR (≤2%) compared with the usual 10% FPR cut-off. 59 Accordingly, it would be interesting to have a new genotypic tool, such as the TAN classifier, which predicts X4 tropism based on the full-length env gene sequence instead of only the V3 loop sequence to detect the X4 variants with FPR.2% identified by G2P. In sum, the TAN classifier was able to combine a level of sensitivity similar to that obtained using G2P with an FPR of 10%, and an improvement in the specificity achieved with an FPR of 2.5%.
The analysis of AUC and the fine performance in classifying HIV-1 primary isolates or pseudoviruses proves that the use of the full-length nucleotide sequence of the env gene in a TAN classifier with wrapper feature selection is a robust approach for predicting HIV-1 coreceptor usage. Moreover, the strategy followed to select the best predictor nucleotide positions for HIV coreceptor tropism can be used as a first approach to guide experimental assays to selected positions and verify their possible biological relevance in the process. However, the accuracy of the TAN classifier needs to be confirmed by using more sequences with known coreceptor tropism, especially those with discordant predictions between TAN and other genotypic methods, in order to compare their accuracies analysing large datasets of different genetic forms.
Furthermore, some limitations of the routine use of the TAN classifier reported here should be taken into account. One of them is the insufficient representation in the dataset of HIV-1 genetic forms other than subtypes B and C, which could make the predictions less reliable for NBNC viruses. Another is that prediction by the TAN classifier employs 26 nucleotide positions spread along the env gene and its full sequencing is not a routine practice. Moreover, bulk sequencing of plasma-derived PCR products may produce unreadable sequence electropherograms in highly polymorphic regions of the env gene. However, in our experience, using our published RT-PCR protocol, 40 bulk amplification from plasma RNA and sequencing of full-length env produces readable sequences for the entire gene in most analysed samples (A. Ferná ndez-García and M. M. Thomson, unpublished data) . In cases where polymorphisms in the quasispecies preclude obtaining a reliable read for the entire env gene, several approaches could be used to solve this problem, such as endpoint dilution RT-PCR, single-genome amplification 60 or the use of next-generation sequencing techniques. The latter methodology could also allow for the identification of minority CXCR4-using variants undetected by bulk sequencing, a limitation shared by all genotypic methods commonly used in clinical practice.
